Nanoporous metals such as nanoporous gold (np-Au) prepared by dealloying have recently attracted considerable interest fueled by their potential use in catalysis [1] [2] [3] [4] [5] [6] , sensor 3, [7] [8] [9] [10] [11] [12] and actuator applications. [13] [14] [15] The remarkable properties of these materials are a consequence of their characteristic bicontinuous nanoporous structure of interconnected nm-sized pores and ligaments that is formed by a self-organization process. 16, 17 A disadvantage of this nanoscale morphology in the context of applications is that it is thermodynamically unstable and prone to coarsening. 10, 18, 19 For example, the length scale of both ligaments and pores of np-Au increases by more than two orders of magnitude by heating the material to 800 o C. 18 Coarsening severely limits the practical applications of np-Au as it leads, for example, to a loss of catalytically active surface and reduces the mechanical strength 20 that is important for the actuator application. Consequently, several strategies have been tested to increase the thermal stability of this material. For example, the stability can be improved by adding small amounts of high melting point metals such as Pd 7 and Pt, 21, 22 or by using surface chemistry to suppress surface diffusion. 23 But even 'stabilized' np-Au has only limited thermal stability as, for example, annealing of Pt-stabilized np-Au leads to severe coarsening at 400 o C, 24 and stabilizing surface oxygen starts to desorb around 200
• C. 23 In the present study we explore the potential of atomic layer deposition (ALD) to improve the thermal stability and mechanical properties of bulk np-Au beyond the currently achieved temperature regions which, for example, could open the door to high temperature sensor and actuator applications. [13] [14] [15] At the same time, our study aims at elucidating whether the deposition of an oxide on the inner surfaces of np-Au can also boost its catalytic properties as it is known that the combination of Au and reducible oxide, such as titania, leads to highly active catalysts. 25 Combined with an increased thermal stability this could enable high temperature catalytic applications of np-Au that are not yet possible. ALD is ideally suited to apply nanometer thick, uniform and conformal coatings to high aspect ratio materials such as bulk np-Au. [26] [27] [28] ALD is also a wafer-compatible technology and thus could be used to modify wafer-supported np-Au films. 29 Qian et al. 30, 31 first successfully used ALD to tune the optical properties of 100-nm-thick np-Au films by partially or completely filling the pores with Al 2 O 3 . In the present study we selected Al 2 O 3 for its thermal stability, 32, 33 and TiO 2 for its potential to add functionality for catalytic, photocatalytic, solar energy harvesting, and energy storage applications. [34] [35] [36] [37] For example, ALD TiO 2 thin films can be used as active cathode material in nanostructured Li-ion batteries, 37 and TiO 2 nanoparticle decorated np-Au is an efficient electrode material for photocatalytic oxidation of methanol.
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Our experiments reveal that even only one-nm-thick Al 2 O 3 films can stabilize the nanoscale morphology of nanoporous gold up to 1000
• C, i.e. close to the melting point of bulk gold (1064 o C), while making the material stronger and stiffer. The thermal stability of TiO 2 -coated np-Au is lower than that of Al 2 O 3 -coated np-Au, but still much higher than that of the uncoated material. Here, annealing transforms the initial uniform and continuous TiO 2 layer into highly dispersed TiO 2 nanoparticles which increases the catalytic activity of np-Au for CO oxidation by almost 300%.
Disk-shaped samples of np-Au (diameter ~5 mm, thickness 200-300 microns) with a porosity of ~ 70% were prepared by selective dissolution (dealloying) of Ag 0.7 Au 0.3 alloy samples in concentrated nitric acid (48 hrs, ~65 wt% HNO 3 ) as described previously. 39 The average ligament diameter for each sample was determined from ligament diameter distributions that were obtained by geometrical evaluation (i.e., measuring the diameter of randomly selected ligaments at their center point). These average values are those displayed in Figure 2a . The ligament diameter of the as-prepared material is ~54 nm, and its specific surface area is ~3.6 m 2 /g. o C for TiO 2 ). Both ALD processes are ideally suited to coat high aspect ratio materials such as bulk np-Au to the high volatility of the AlMe 3 and TiCl 4 precursors, and the low process temperature. 40, 41 Long pulse, pump and purge times (90 s each) were used to ensure uniform coatings throughout the porous material. Static conditions were used for AlMe 3 , TiCl 4 , and H 2 O pulses, during which the chamber was isolated from the vacuum line. The film thickness was controlled by adjusting the number of ALD cycles , and the growth rate per cycle was calculated from the measured mass gain, the known surface area of np-Au, and densities of ALD Al 2 O 3 and TiO 2 .
The morphology and composition of the ALD-modified np-Au samples was characterized by Scanning Electron Microscopy and Energy Dispersive Spectroscopy (SEM/EDAX). Coarsening of np-Au during annealing (2h/400-1000
• C/air) was assessed by cross-sectional SEM (XSEM). The mechanical properties (Young's modulus and hardness) were studied by conventional loadcontrolled nanoindentation using a Berkovich tip. Nanoindentation tests were performed on polished samples (polished before dealloying) using a constant loading rate of 500 N/s with loads ranging from 200 to 5000 N. A minimum of 49 indents was made on each sample, and the standard Oliver-Pharr method 42 was used to determine modulus and hardness values from the load-displacement curves. The catalytic performance was evaluated using a continuous (plugflow) reactor made of a quartz glass tube (inner diameter ~ 1.5 cm) which was placed in an electrical oven for temperature control. The inlet gas stream consisted of a mixture of 4-20 vol. % CO (Linde, 4.7) and 30 vol. % O 2 (Linde, 5.0) using He (Linde, 5.0) as a carrier gas (total flow set to 50 sccm). The gas composition at the reactor exit was analyzed online by an IR-GasAnalyzer (URAS 10E, Hartmann und Braun).
For both ALD processes, the normalized mass gain increased approximately linear with the number of ALD cycles ( Figure 1 ). The Al 2 O 3 growth rate is ~0.25 nm per cycle assuming a density 41 of ~2.8 g/cm 3 and a specific surface area of ~3.6 m 2 per gram np-Au (estimated from the ligament diameter of ~54 nm). This is approximately twice the value of the growth rate reported in the literature (0.125 nm per cycle at 125 o C), 41 which suggests some CVD contribution due to incomplete purging of the reactants trapped in the nanometer scale pores of our 200-300 m thick samples (pore length/pore diameter > 10
3 ). This, however, did not affect the uniformity of our samples as cross-sectional EDAX analysis confirmed the uniformity of the alumina coating across the sample cross section. Higher deposition rates (0.15-0.3 nm Al 2 O 3 per cycle) have also been observed for much thinner, 100-nm-thick np-Au films. 30, 31 For titania, we observed a deposition rate of ~0.07 nm per cycle, consistent with the value reported in the literature (0.078 nm per cycle at 100 o C). 40 Improving the thermal stability of np-Au is very important for many potential applications in the fields of catalysis, sensorics and actuation as it opens the door for higher operating temperatures and increases the long term stability of the material. Our results demonstrate that nm-thick ALD coatings can effectively suppress coarsening of the nanoscale structure of np-Au thus preserving its high surface area. The results regarding annealing experiments on as-prepared and alumina-coated np-Au samples are summarized in Figure 2a -e. The annealing behavior of uncoated samples is similar to that published in previous work, 10, 18, 19 and demonstrates the thermal instability of this nanostructured material. The ligaments coarsen rapidly with increasing annealing temperature, for example, from 54±12 nm (as-prepared) to 630±130 and 2850±850 nm after annealing at 600 and 900
• C, respectively (Figure 2a ). ALD coating with Al 2 O 3 at 125 • C did only marginally increase of the characteristic length scale of the as-prepared material from 54 to 56 nm. Once the material is coated, however, it is stable up to at least 900
• C which is almost 90% of the melting temperature of bulk gold. Even samples annealed at 1000
• C still show the original nanoporous structure (Figure 2e ), but the finding that larger, well-facetted micrometersized Au crystals now decorate the outer surface of the np-Au sample (Figure 2d) suggests that Au starts to diffuse out of the alumina-coated Au ligaments. Interestingly, the breakdown of the stabilizing effect of the Al 2 O 3 coating coincides with the crystallization temperature of the initially amorphous Al 2 O 3 film. 32, 33 In one instance, we found several empty alumina 'shells' in a sample that was annealed at 600 o C. This finding demonstrates two important points: (1) even few-nm-thick ALD alumina films are continuous, and (2) defects in the alumina coating drastically reduce the thermal stability. The thickness of the alumina films, on the other hand, does not seem to have a pronounced effect on the thermal stability, and even samples that were coated with sub-nm-thick alumina films (2 ALD cycles) were stable up to at least 900
• C.
The mechanical behavior of np-Au is, for example, crucial for its actuator 13, 43 application where it controls the maximum stress that can be applied by the actuator. Here, we use nanoindentation to assess the mechanical properties of ALD-coated np-Au. Our results demonstrate that Al 2 O 3 coatings make np-Au harder and stiffer which is summarized in Figure 3 . As expected, both elastic modulus (Figure 3c ) and hardness ( Figure 3d ) increase with increasing number of ALD cycles. Both hardness and stiffness further increase upon annealing at 600
• C (Figure 3b) . The latter effect can be attributed to the densification of amorphous alumina films that occurs around this temperature. 32 Crystallization, on the other hand, requires much higher annealing temperatures of ~1000
• C. 32, 33 In an attempt to better understand the effect of ALD coatings on the mechanical behavior of np-Au, we first applied the core-shell model developed by Liu et al. 44 to estimate the mechanical behavior of the Al 2 O 3 -coated gold ligaments, and then used these values as an input to the Gibson-Ashby (G-A) scaling equations 45 that correlate the properties of the individual ligaments with the bulk mechanical response of np-Au as measured by nanoindentation experiments. where   / s is the relative density of the material (0.3 in the present study). The proportionality constants C 1 and C 2 describe the cell geometry and the density exponents n 1 and n 2 depend on the elastic/plastic cell deformation mechanism. Experimental data obtained from macroscopic open-cell foam materials are usually well fitted by using C 1 =1/n 1 =2 and C 2 =0.3/n 2 =3/2, respectively. 45 In the case of np-Au, however, a density exponent n 1 of 2 seems to underestimate the density dependence of E * . 47 Here, we assume a value of n 1 =3 that better describes the experimentally observed density dependence. 47 According to Liu et al. 44 the Young's modulus of core-shell structures depends on both the Young's modulus (E core and E shell ) as well as on the fractional volumes (V core /V and V shell /V) of core and shell via
where V core , V shell and V are the volume of the core, shell, and core plus shell, respectively. E s can then be calculated from the normalized mass gain data shown in Figure 1 using the Young's modulus of Au single crystals (57-85 GPa) 48 and ALD alumina films (150 GPa) 49 , 50 as reference. Inserting Eq. (3) into Eq. (1) then yields the predicted lower and upper bounds of E* of the Al 2 O 3 -coated np-Au (red lines in Figure 3c ). This simple model describes the experimental data relatively well, although it predicts too high values for thicker ALD films. To check if the mechanical response of Al 2 O 3 -coated np-Au is simply the sum of its components, the Au core and the alumina shell, we also tested the mechanical properties of a free-standing alumina shell structure prepared by removing the Au core from a np-Au sample coated with 10 Al 2 O 3 ALD cycles (details of the preparation and the mechanical properties will be described in an oncoming publication). The modulus of uncoated np-Au and the free-standing alumina shell are 1.83±0.08 GPa and 0.14 GPa, repectively. It is clear that the sum of these components (blue data point in Figure 3c ) severely underestimates the effect of the Al 2 O 3 coating on the Young's modulus of np-Au. In fact, the measured increase in the Young's modulus is almost 10 times the Young's modulus of the free-standing Al 2 O 3 foam.
In analogy to Eq. (3), we also calculated the yield strength  s of Al 2 O 3 -coated Au ligaments using the yield strength of 50 nm Au ligaments (~1.1 GPa, obtained by applying Eq. (2) to uncoated np-Au) 20, 39 and ALD alumina (~2.7 GPa, = nanoindentation hardness/3) 49 as reference. Insertion in Eq (2) then yields the predicted yield strength of Al 2 O 3 -coated np-Au shown as red line in Figure 3d . Although the agreement between experiment and model is reasonable for thin coatings, the experimentally observed strengthening of thicker films is severely underestimated. The alumina coating seems to shifts the critical stress level to even higher values than the already high value (~1 GPa) required to support plasticity in uncoated Au ligaments.
In the field of catalysis, the critical questions is if ALD coatings can be used to further improve the catalytic properties of np-Au while adding thermal stability for high temperature applications. To answer this question we studied the thermal stability and catalytic activity of TiO 2 -coated np-Au as it is known that the combination of Au and TiO 2 leads to highly active catalysts. 25 The development of the ligament size vs. annealing temperature is shown in Figure  2a , and representative morphology changes are shown in Figure 4 . TiO 2 coatings also increase the thermal stability of np-Au, but less than the Al 2 O 3 coatings discussed above. Annealing at 600 o C does only slightly increase the characteristic feature size of np-Au, but breaks up the initially continuous and smooth TiO 2 coating into highly dispersed nanoparticles (Fig. 4, o C). The slower coarsening kinetics, and the serrated structure of TiO 2 -coated np-Au annealed at or above 700 o C can be attributed to step edge pinning by TiO 2 nanoparticles that was also observed in Au single crystal experiments. 52 The morphology of the TiO 2 /Au nanocomposite structures that results from annealing is very interesting for catalytic applications. Indeed, first catalytic tests using the oxidation of CO, CO + ½ O 2 → CO 2 , as a test reaction already demonstrate the potential of ALD functionalization to design new np-Au catalysts with improved catalytic activity and thermal stability (Fig. 5) . Pristine TiO 2 -coated np-Au is catalytically in-active as titania itself is not active for CO oxidation 53 and TiO 2 completely covers the np-Au surface. After annealing at 600 o C, however, TiO 2 -coated np-Au shows an almost 3 times larger activity towards CO oxidation as compared to uncoated np-Au. In contrast, annealing of uncoated np-Au at 600 o C decreases its activity by more than 50 % which can be attributed to the loss of catalytically active surface area due to coarsening (see Fig. 2a ). A comparison with Figure 4 reveals that annealing at 600 o C is sufficient to break up the initially continuous TiO 2 film into TiO 2 nanocrystals. The presence of these TiO 2 nanocrystals on the surface of the ligaments of np-Au likely increases the efficiency for O 2 dissociation as a source for atomic oxygen which is the rate limiting step for CO oxidation with gold based catalysts. 25 The TiO 2 coating also stabilizes the nanoscale structure of the material, and thus reduces the loss of catalytically active surface area during annealing/high temperature applications.
In conclusion, our results demonstrate that ALD functionalization offers an opportunity to drastically improve the thermal stability and mechanical properties of np-Au, and even increase the catalytic activity at the same time. For example, only one-nm-thick Al 2 O 3 films can stabilize the nanoscale morphology of np-Au up to 1000
• C, and ~6-nm-thick films lead to a 3-and 7-fold increase in Young's modulus and hardness, respectively, while increasing the density by only 10%. This also demonstrates that thin oxide films can have a pronounced effect on nanomechanical tests, and although np-Au itself is not a good choice for structural applications due to it's the high costs, our results demonstrate the potential of ALD coatings to improve the mechanical properties of other nanoscale materials, for example, for nanoelectromechanical systems (NEMS). Catalytic tests with TiO 2 coated np-Au also demonstrate that ALD surface functionalization can improve the catalytic activity of np-Au. For example, the presence of highly dispersed TiO 2 nanoparticles on Au ligaments, formed by annealing the initially smooth and continuous TiO 2 film at 600 0 C, increases the catalytic activity towards CO oxidation by several hundred percent. The enhanced thermal stability combined with added functionally opens the door to many promising applications: For example, the plasmonic response of the nanoporous Au network 2, 10 allows for high temperature surface enhanced Raman spectroscopy. 54 The desired pore size can first be "dialed in" by annealing uncoated np-Au, and then be frozen in by applying a nm-thick ALD coating. Improved thermal, mechanical and catalytic properties also enable high temperature actuator and catalysis applications. 13, 43 Metal oxide coated nanoporous metals are also promising electrode materials for batteries and energy harvesting and conversion applications. Shown is the catalytic activity towards CO oxidation measured at 60 °C using 4-20 vol. % CO and 30 vol. % O 2 in a He carrier gas. Titania-coating causes a 3-fold increase in the catalytic activity with respect to the uncoated, not annealed np-Au sample, while annealing of the uncoated np-Au sample at 600 o C decreases its reactivity by more than 50 %.
